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j. lI]trorfuctioIl

h’laJ!y  S})~CC cx~xrillwlits and aI)~JlicatioIls  iIlvolvc
l)lasJIIa t)caJtl  clttissions. l~or iJIStiiJICC,  clcctroll aJld
iol) }jcaIII cxl~critt)ellk  IIavc bccm cond IIctcd  t o  s t u d y
study lwaJ1l-lJl:isllla  itllcrac.ticnls,  llcutralizatioJl  i)ro

crwws, s])acccraft  ct]argi][g  aJ]d discl]arge,  ck ‘J’llis l)a-
~wr is coJ\cerncd  wit,]) tile I)llysic.s  of icnl I)cam cIllissioJls
fro]]] sl)acecraft  t o  a low d e n s i t y  sl)acc l)lasllla. ‘1’]Ic

ctlll)l)a.sis is otl sl)acc cllargc  cffrxts.

hlmt.  io]l bCa III devices  t c ) - d a t e  a r c  siJ1lilar to iorl
t h r u s t e r s  (sc-C Ipigurc l). III al] io]] tltrustcr,  tltc  iotls arc

accclcrakd  elcctrostatical]y  by a biased  grid to for]])  a

Iligfl  vciocity  l,c:itl~, tyj, ically ill tllc lic\r cl)crgy  rallgc.
\VIIclI  all ion t I)rustcr  is  used f o r  l>rol]lllsiotl  jlurl)osc,
tlI( ioJi lJcaIII  is IIcutralimd by clcctrc)l}s ctilittcd  froln
tlIc  llculralizcr. Iic]Ice,  tflc l)car[l  f low is  quasi t)cutra].
\VIIcII ;III iorl (Ilrllster is usd for ion I)ealll  cxl)crillwllts,
tllc  Jlrutralizcr  is t,urllcd  o f f .  I f  bca IIl currc!lt  dcJ\sity

f a r  cxccr+s  ilI:it of tl)c  sl)acc  j)las]lla, tllc I)carll  f l o w
IJCCOIIN7S  a sl)acc cllar~e  ffcnv.

‘J’IIc  l)ro~wrl  ics of n sl)rrcc c.}largc flow was first  st u&
icd for  IIigll  cllrreJlt  dmlsity  bca~])s lJctwccl I t w o  l)latlc
c]cctJodcs  (i.c, d iodes,  first  studied l)y (;//i/rf[]9l ]]). It

is iiist. cllctivc  10 review  the classical diode tllcory. 111 a
d i o d e ,  a cllarg(d  l)ar~iclc  bcarn  is ctllittcd  frottl  aII clcc-
trodc  towards allotl]r-r  clcctrodc  iJl a vacuu]n  tu})e.  ‘1’}Ic
I)llysics  of I)(iit[]  flow iJ[ a  d i o d e  ~vas prcscntcd  itl tlIc
classical  tl)corics  of .$’rrlzk?rj rJnrl l/acfl1938]  and }1’rry cl

0/.[1938].  (kl]sidcr aJl ion l)caJn flow fro[li  a  catllodc
t o w a r d s  all aIICIdC.  At low currerlt  dcllsity,  t.flc Imtclltial
~)rofilc  al(nlp, tl~c cllargc  f l o w  i s  Jllollotollic,  \V}IcJI  Lltt

currcllt  dcJIsity  illcrrasrw,  s o  i s  tllc ilnJ~ortaJlcc of  tflc

sl)acc cllargc.  l’or tlIe sJ)ecial c a s e  o f  mm itlitial f l o w

{k,l,yligti(  @1996 by ‘]’hc AI IICIiCaII IIlstitutc  of Aclorlal]tics
mId Aslr(~],au(i,., lIIC.
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vc]ocity,  ttlc  currclit dctwity  is liJnitcd  by (;liild’s l a w ,
III th is  case, ttlc  sl)acc cl] firgc j)ro]lil)its  furt]lcr  illcrcasc
ill cu]rcllt de[~sit,y, aIId  tlIc ~~otc]ltial I)rofilc  i s  a l w a y s

Jlmllotollic.  l:or J1oIlzcro  iJtitial  vc]ocity  i]] s[)acc cllargc
f l o w s ,  tllc I)otctllifil  ])rofilc  call Iw.-c.ornc Ilo]l-]tlc)]lc)tc)]tic
wit, fl a ]Jol,clltial  ]Iu]lll) a])})ears  iJ] I)ctwccll  tl]c  t!vo clcc-

trodcs.  A t  s u f f i c i e n t l y  l a r g e  C.urrcllt dcrlsity,  tflc  l)o-
tcvitial  lI~llII~J IIlay Iwcorlw  so lligll  that  tl~c killciic crl -
crgy of tltc  flow,  illg cllargc  is r,cro at tl)c  11111111) \~’)lcJl

tilis  ~Ial~lwIIs, SOIIIC c)largcs go l)ackwards  and SOIIIC for-
war(ls.  A s  a  rcsu]t,  oIIly l~art o f  t,fle clllitlilig {~lrrerlt,

caJl I)c trar~srnittcd  wl)ilc  tllc rest is rcffcctcd  l)ackwards.
‘Illcrcfort,  tt~is I,otciltizrl  lIulIIl~  I,cl)avcs  as a virtual elec-

trode. ‘1’tlis  I)cllal’ior Itas l)ecII  corlfirtncd  ill cliode tlll)cs.

[,rrr C{ rr/. []9i’{), ]{)&!)]  sug<,cstcd  that ttlis  I)r])avior  IIIrry
al.~c) o c c u r  iii I)carll  (rtlissio]is  ill sl)acc. l’or io]l I)cartl
Cll]issio]ls ill sl)acc,  si])cc tllc sl)acecraft  is cl(nrgcd  rlcga-
tivc]y  m,ittl  rcsl, ect 10 tlIc ailll)ic]]t,  tllc s])acecraft  serves

as a catlmde al~d tllc allJ)ir’Jlt  scrvrs  as aJl ;irlode.  l,rri cf
a/. [l 979] studied tllc currc]]t-voltage cllaractcristi{s  d[lr-
illg  ])c)siti~’c  irr]l  bcalt)  cJ[]issio]ls  011 tllc S(IA’J’l  IA satel-

lite. ‘J’ttcy found  at l o w  currm,ts,  tflc  artll)litudc  of tllc
(Ilcgativc)  sl,acccraft  l)otclltia]  irlcrcascd ‘1’lIc },otcl]tial
all]l)litudc  IJcakcd at all illtcrllirdiat,  c currrld.  \YIIrm tlIc

currcllt  i s  illcrcasrxl  furtltcr,  tf]c l)otcJltial  droj)jwd  to a
low value.  II CIICC,  it !vas I,ostulatr=d  tflat a virtual allodc

Itlay  liave  forltwd  ill front  o f  tllc Ijealll  dcvicc  I)locking
l,art,]y  tllr t,catll  trallsrllissior],  So]Ilc  fcatllrcs of  v i r tual

illl OdC i!l ion l~calll< I}avc a l s o  llu~ll disc {ts.sed I)y S’t Or/-

nord  ct 0/.[1981].

Ilowcvcr,  iorl 1)( ’iilll elllissiol)  irl sj)acc is far llIorc  COIll-
])lcX tllaJl  t,]Ic c l a s s i c a l  diode  J)rok)lctn,  l’or  il)staJtcc,  ill

d iodes,  tflc  clcctrodcs  arc at fIxcd  locatiol}s  and lmtell-

tials, aIId  tlIc Lra III f l o w  i s  csscritially  a l-diJltcllsioIl
l)rol)lcll], \$’llile  f o r  iol) l)calII ctllissiorl  iJl sl)acc,  })otll

tllc sl)acccraft  l)otclltiirl  al]d tl]c  lmatiol) Ivllcrc  tl]c  l)o
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!r)ltiirl illsidc  t}ic \walIl  a])~)roacllcs  Ilic allllJicllt  l~otclI- OIIC ftilllily  of tlIc sollltiolis 10 cq(5) is for a IImllotollic

tial arc Varial)lcs,  slid  (Ilc I)rol)lclll  i s  inllercn(]y  a  3-

8
l,o[etlt ial I,rofilc  4)(Y). I’m illstallcc,  cotwi(lcr  (Ilc c a s e

CIitlwllsiollal  OIIC w]lcrc  Iwarn  divmf,cncc  duc to sI)acc 4), > () a]ld NO = () (i.e. Q’M = d), and dO/d7  : 0 ,at .

cliarge  cflcct  a])d Illc ~mtclltial sllcatll IJrofilc ljlay all illl- r : 0), ‘1’hm, fro,,, eq(b) wc },ave *

imrtallt  role. It is ol)vious  that tllc rcsult,illg  illtcractio]l
,.

carlllot, I)c treated adequately l)y t)lc  classical tllcory of [148

--{- {

2J0
sl)acc  cllargc  flow. :;’(a) bo - 0)’/” (6)

[12” - (()

lllt}lis  l)ajJtrl ~'cal)}Jlyt llrcc-clill)ct[  sic)llall) articlcsillt -  ,V, )icl) ,e~iclq  to

lllatiolls  to study tllc l)rol)lctn  of ion I)ralll clllissiolls  ill
,,

sl)acc ar]d cxarninc tl]c virtllii] allodc  collcc~)t  f o r  3-1) J4 2cO@:’2
sl,acc cllargc  flmv.  A  1-1) analytical  tllcory o f  sl)acc Jr)= ~ ;,, - 12 (7)

cllar~c  flow is first I)rcscllkcl ill Sect ion 2. 3-1)  [)articlc
,

sillmlatiol]  results arc discussed in Sect  io]l 3. Section 4 ‘J’llis is tllc w e l l - k l l o w l l  ~;llilcl-ljarl~,l[lllir  law of sl)acc

co]ltaitls  a sulnlllary  and ccrnclusim)s. cllargc  Iilllitcd currcllt  ill a  j)lallc dimk.

2. 1-1) ‘1’lleory  o f  Space  (X]argc lrlow

WC first discuss tllc C)ll?-dilllcllsiclllill  theory of sl,acc
cllargc  f l o w  o f  all iou I)caln. ~olisi(lcr  tltc  Siluatio)l

illustrated ill l“ig.2a: all ion I)calll i s  clnitkcl frc)lll  a

l,lalle c]cctrodc  at 7 = O al)cl reccivcd by a  I)lal)c  elec-
trode  at r = 1.. ‘Jltc  il)itial tmarl] l,articlc  Iiillctic cll-

(’rphv  k f@tWI =. ~??l?f, and !’hc cl!littirlg  ~(lrrcl)t  (]~[lsity
JO : C?iOt~O.  We  t a k e  tllc I)otclltial at tlic t w o  cIIds  to
I)c 4’(2’ = o) = 0$, and d’(r = 1,) = O .  ‘I’l Ic solutiot)  t o

this l)rol]lclll follows tllc classical tllcory first l)rcsc]ltcd

I)y I’ay cf al[1938].

‘1’IIc govcrllillg cquatiolls  a r c  [Ilc l’oissol)’s  cquatioll,

cl)rrcllt.  cmltil)uit,y,  and cllergy  collscrvatioll  cquatio]l:

A  Ilmrc  gcllcral  sol{ltiolls  to w](5) is for a IIOIIIIIOI1O

(o[lic  Ijotctitial  [jrofi]c,  wltcrc  tlte  ])dclltial  t iilies a JllaX-
itllulll  at o = r,,, , 0(7,,, ) = 0,,, > 0 .  IKt IIS dcfillc  tllr’

f o l l o w i n g  ditllcllsiolllcss  varial)lcs:  i = T/f,l d’ = 4)/@~0,
and J() :  Jo/JC,  wllcrc

(8)

i s  tllC sl)aCc char~c  lilllit Cl)rr~Jlt  for a  })ot C]ltial  d’b~.
‘I’l Icr I, cq(4) is rcwrittcll as

Illtcgratitlg I,ctwccll i and i,,, (dd)/d2(7,,,)  z 0) l e a d s

(2)
Sitlcc d@/da IIas a difkrctlt sign o]] cacll si(lt of t,,,, we

t I ii~’(’

l;q(4) is rmdily iJltcgratcd  to

III [0 ,  2,,, and [~,,, ,(4) ‘ I 1] rcsl,cctivcly,  OIIC ol)taitls

(12)
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L~I , ill t IIc dirlrcl]siol]al  forrli,

Note  \ is <Ieterlnillcd  self-cc)llsistt,lltly I)y tlIc sl)ace-

cllargc  currtllt  limit,  stated iri ttrc almvc  two cquatimls.
‘1’lic  IIlaxirnllrl]  r-urrellt  tllai call lw translnittcd  to ~ z 1,
i s  J3[)  : ,]C r(p,ardlcss  o f  tlic clllitt  irlg currcrlt..  ‘J’llcrt

f o r e ,  wllcrl  tllc clllittirlg currerlt ~0 > jc, tile [)otclltial

l}urlll~ d’,,, srrvcs  a s  a  v i r t u a l  arlo(lr  llcncc,  j, rcl)le
scrlt,s a critical currcrlt dcrwity.

Now we corlsiclcr  an ion l)e.arr~ cr]iitted  into a Imv dcrl-
sity  arlll)icrlt,  I)lasrna,  as illustrated  irt 11’ig. 2}). }Tor  t h i s

situatiorl,  t,lte rigl)t side I)ollljdary collditiorl  l)ccol  Ims

I f  tllcrc w e r e  a  l)ositivt l,otert~ia]  Itllrnl),  tltc  cl(ctrc)rts
would rlm,c in to r)eut  ralizc  llle cxccss  iorl  Sl)acc  cllargc.
}lowcvcr,  sirlcc tlIc clcctrorl  currcrlk  3, is  Iirllitd Ly tlrc
arrll~icltt collditiorls, a  rlc)rlrl]orl(~tc)rlic  ~)oterltial  l)rofilc
car] still exist for strmrlg iorr beam clllissio[ls. I,et 11s
tlIc dividr ~lic dorrlairi  irlto  a rcp,ior]  1, ~ < O’1,,  /, arid a

rcg;ior] 11, 2’:,]j  <  7 <  CM. *I,,J i s  tltc  irlflcctiorr  l)oirlt
wllcrc  tllc rlct c}rargc is zero. ‘J’llcrc is a net iorl cllargc
surl)]us  irl rcgiorl  1 (dl@/d$’2  <  O )  arid a  rlrt  clrctrorl
CIlargc sllrl~lus  irr rcgiorl  11 (d2@/dr2 < ()).

lforlc liIlm’ Yl,,j rr priori, tlic arlalysis  for arl iorl I)carrl
l~ctwecrr t w o  ~)larlc clcctrodcs  ear l  be aI)l)lied  irl rcgiorl

1. ‘J’lrc cr i t ica l  currclltj  dcrlsity  .7C is givc]t I)y

i
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Ilowevcr, irl o r d e r  t o  dctcrrnirtc  ~:,~j’, c)r)r IIcccls tc) rc-
SOIIIC tlw d e t a i l e d  il]tcractiorls I)ctwccrl  tlIc iorl })carll

arid tllc arlll)icrlt  l)lasrna.  lrl additiorll  tlIr I)car]l  dil’cr-
g,cricc duc to sl,acc  cllargc  cflcct  m a y  rllako tllr 11) as-
surrkl~tior]  Ilriaccclltal)lc.  ‘1’llcreforc, J$’c Sl)?lll attack tllc
~)rol)lcrll tllrougtl  [)rrrticlc  sirnulatiorts.

3 .  3-1) l’article Sirmrlatiol]s

Wc I]iivc dcwclol)cd  a set of l)articlc-irl-cell (l’1(; ) arid
l ,ar t ic lc- i r , -cel l  witl] Mor,tc ~arlo cc)llisior] (}’1(;  hl(~(;)

c o d e s  for iotl tllrustrr  l)lasrllti  illtcractiorls  [11’nng rrnd

llrOplIy11{195C;  lf~o~tg ~f al,19961)],  activ( s~,acc  I,lasrlta
cxj]crirlwrlts  [  M’ang ci al,199Ga],  arid c)lllrr  lar~,rt  scalr
~)lasrlra sirllulatior]s  [11’ang (i crl, 1995a;1$)!)~ll)]  A full  l)ar-

ticlc  electrostatic 1’1(; code is allj)licd ill this stlldy.  A
tyl)ical sirllulatiori sctul)  i s  SIIOWIL irl l:i~,.3. ‘1’IIc  sl)acc-
craft  is rlmdrlcd as a 3 dirncrlsiorlai  box structure }Vitll

a cortductin,g  surface arid a surface I)otcr\t  ial d’s rcla  -
tivr to tllc arrll)icrlt,. An iorl Ixarn is irljrctccl  t(,  tllc l o w

dcslrity  arnl)icrlt  I)lasrna  in tlic x dircc.tiorl.

As discussed ill [Ilc illtrc,cl~lctic)]r, tllc l)rol~lcrrr stu(l-
id Ilcrc  i s  diffcrcrit  frorll  a  tyl)ical  iorl  tllr[lstcr  l)rol)-
lcrrl wllrre  tllc I)car]l  f low is  quasirleutral.  I’or c(~rll~mr-
isorl, we first I)rcs(’tl[  a ty~)ical  sirlllllati[)ll  resul t  for  art

iorl  tllr[rstcr [  }1’cng (t rzl,19961)].  l’iF,.4 sl]ows t  Ilc 1)0
tcril ial (olltours arid I)carrl  J)articlc  ])ositiorls  olI a  x-y
J)larle cut(,irlg  tllrx,ugll  t}Ic ccr]tcr  of  (11[ t h r u s t e r .  lrl

this  casr,  tllc Iwaril is quasi  rlcutral  al!<l tllc  s])acecraft
I,otcrltiat  is ~nllcll Icss that tlic kirlctic  Ctl(’rgy O f  Iwarlt

i[)[ls,  14’81 < <  @b~~. l]~]lc~, tlIc bear]) icnls are riot iti-

flucr)ccd I)y tllc I)otclltial field. ‘1’llc str(lcturc  of llIc ~)o
tcrllitil f i e l d  i s  dornir}atcd  I)y tllc Clisturl)arlcc  frorrl tllc

Iligll  dcrlsity  iorl Imarrl Sirrce  tllc clcctrorls  arc rrlllcll



]Imrc  IIlol)ilc  t.lirill imis, {Ilc  Iwalll r-ciltcr IJas a  IIigller

I,otelltial.

WC riow siitmlatc  ion Iwalil  clnissions  w i t h  tllc IICW

tralizcr  off. ‘l’lie  sirnulatic)tl  follows 110111 tlIe I)cal]]  iorls
and tllc allll)icllt  clcclrorls  altd i o n s . ‘1’lic sitlmlatioli

dolllaill  is i])itially l o a d e d  witlt  at[lt)icllt  j)articlcs ‘J’lIf.’
I)ealll ]~art.iclcs  arc illjcctd into Iltc si]nulatiotl dolnail)
frol!l  tllc tllrustcr  exit at every time stcl).

WC talic tllc allll)iellt  I,lasllla Clcllsity  nm w 5 X 105

allcl alttl)icllt  I)laslna  tellllxvatrlrc  Y; =  Y; * lcV. ‘Ilis
is silllilar  to a tyI)ical  low’ l’;artil  orl)ilj  Cllvirolllllcllt.  ‘1’IIC
al[ll)ictlt  lkl)yc  lcl I~; LII AIjm w ]cln. We  cotlsidcr  an ion
l)calll will) arl initial Iiil]clic  cllcrg,y @bkO = 1000c\~.  WC

colwi(lrr tllrcc I)caln currcllt  densities, as sullllnarizcrl
it) ‘1’al)lc 1 .  ‘1’llc allll)icllt  ion currc]lt dmtsi~y i s  cllarac-
tcrizc’d  l~y Ji(i = C?ICX,CJ’,  ,  Wht:rc  ~~, = &/m,. IIcncc’

tllc  I)caltl  currct]t  densitim collsidcrr’d  arc ill tllc r a n g e

Io f  ~~,(]  ~~~~ ‘ lo~- 10:+.

Sillcc  our  Cllll)l]a.sis  i s  on tllc ncarficld  sl)acc cllargc

cft’ects,  wc SC( tllc sil[mlatioll  CIomaill to IN tllc dowl I-
strcalll rcgioi]  of tlIc I)ealn  clnitting s u r f a c e  (iticlud-

illg  tllc tllrustcr). ‘J’]Ic Ilur[]l)cr  o f  grid  poil]ts  USCd

is fi6 X 33 X 33. ‘1’}lc g r i d  rcsolutio]l  is  talic]l  tO lJC’

(/cc//  : ~ 1) O., v ICllt. ‘J’]Ic  sl)acccraft  surface is at

J, 0 . 5 .  OLtlcr  Imulldarics  c)f tl)e  sitnulaiioll  dmllaill
rcl~rcscllt  tllc alnl)icrlt  wllcrc  arnl)ictlt  Clcctrolls  slid  iolts
a r c  illjcctcd il]to tlic dolllairl accord  i[lg to their t.llcrlnal
flllx. ‘1’IIc  tl)rustcr body  i s  locakd at 0.5 < x ~ 2.5,
11 <  y < 23, and 1 1  <2 <23, ‘1’11(  io)] l~caln exit, ccll-

tcr is locate{] at z T 2.5, y = 17, and 2 = 17, ~il]d tile
I)C4TII raclitls i s  )L = ( i .  \\’c cor,sidcr  a  }Iigll s[)acecraft

I)otcllti at, ~), = - 250V, alId  a low sl)acecrafl  l~otcrttial,

d~., : 50V.

‘J’IIc silll\llatioll varial)lcs  arc norrnalizccl  as follow’s:
t : tw,)c, a ~ x/ AI)cm,  C ‘ v/(cLeflwl>, ) = 1)/7J,c, d’ =
d~/’f~, a r i d  ;l = ?]/nm, AIL artificial iorl to mass ratio

?lli/1~1~ = 100 is used. llcrlcc,  tllc normal ized illitiai
I,cfill]  veloci(y  tirj : {(,,1,/!m)(d:i/7~  = t i e .  ‘1’I,c
r]lllill)cr  of test ~jarticlcs  Ilscd is irl tile ra]lgc  of 1.5 x 10G.

Itl l~ig.b thougl]  l:ig.l O, we snow sirrnllatioll  r e s u l t s
orl a  xy l~l;irlc cuttirlg  (I)roug]l tlic tliruskr  ccrltcr  at

2: :!hrti$fcl = 22 (tllc “cclltcr  xy }Jlallc”).  l{esu]ts  f o r
w 63.3) arc slIowII  in F i g u r e s  5 alI(l  6. UrI-C&S($  A ] (,]bo .

l ike tltc  situatim sl)owl)  ir] lJig.4,  tllc }Iotcrltial struct(lrc
ill this case is clearly dotlli]latcd by tflc  Slicatl]  duc to
tllc  sllrface  l)otcrltia].  Iloucver,  tllc s]leath  tllickrtcss  i s
collt, cactcd witllir) LIIC I)caill r e g i o n  due  to lii~lt  bealn

dr-)lsity. ‘1’t~c allll)icrlt clcctror~s arc rcpcllcd  towards far
rip,lil s i d e  l)y Lllc llcga~ivc  s u r f a c e  j)ote~ltial.  ‘1’IIC iorl
I,ca]tl  sj)acc ctlargc  causes tlic l)cam to diverge rlcar tllc

right side of (Ilc simulation dolllairl arid dra}~’s  arnl)icrlt.

clcctr~)ll cllrrc])ts  irlto  tllc do}vrlst!call)  t]calll  rcgiolt,  A s
tllc  V= v s .  ~ I)llase  sl,acc  l~lot Slloivs, tllc I)carll  velocity

dccrcasr-s  rllc)llotollically.  ‘1’IIc  l)otcrltia] alorlc tile dow~l-
s(rcarn  axis of lllc t]trustcr  is JIlottcd  ill Fig.1  la, w}licll
sllowfs  a fatlliliar rmrlotorlic  l~rofilr’ for a sllcatli.

]{Csl)lts f<)r case }]] (~bn ~ ~]6.?) arC s}loWll ill ]<’ig;UrCs
7 arid 8. l]) this case, a l)osi(ivc  I)otctltial  IIurnl)  dcvclo])s
rlcar tllc I)r-arn e x i t  (0,,, Y 4 6  at Y ?tl,,u,~,r  H 13).  A
Im[)ulatiori of elcctrorts  arc tral)l)cd witllirl  that .  l)otcll-

tial Ilurnl) ‘1’tlc v, vs. * })lla.w sl)acc l)lot  snows that  tllc
Iwarll  k’clocity’(lccrcascs  to a llt,,l~,, at a ~ 15 hcforc ac-
cclcratirlg  towards right. ‘1’IIc  ])otcritifil  alorlc the dofvrl-
strcarn  axis of tllc tllrust,cr  is l)lottcd ill Irig.l lb, wllicll

sllcnvs  a tlorlrllc)rlotc~llic  IJoterlt. ial I)rmfilc discussed ill tllc
last, scctiol).  Since d),,, < <  4’Lo, tllc Iwalll  still f l o w s
rrmsily  ill lIIC x dircctiorl. ])uc to larger I)calll d e n s i t y ,

ttw  sl)acc cllargc  cflccts  is  stronger  tllarl that ill c a s e
A l  and cal]scs a larger  I)cal)l  divcrgcllcc.  AltlIouglI tlic
1-1) ttlcory q u a l i t a t i v e l y  Cxl)laills  tlIc I)otcrlt  ia] }Iurlll),

it is clearly IIO lor)~;cr  valid ill LIlis ca.sc. lror a I)articlc
rlcar t,ll(, I)call] edge, it’s dynamics  is ]]lorc  similar to

that of a I)articlc  urldcrgoillg  c]rl)it-lirni{cd  rnotiorl  rlear

a  I)rol)c  ill tllc t}lick-sllcatll  r e g i m e .  ‘1’IIC hcaln divcr-

gc~lce  sliicldcd  tllc effect of tllc s[)acccraft  l)otclltial arid
rcslllt  ill a rllucll  (Ilillllcr sl]eatll. A s  a  rcslllt, clcctro)ls
rtlove itlto a rcg,iorl rltucll closer to tile s~)acccraft.

]{~slll[s  for c.asC  [;1 (~~o ~ 3 1 6 2 . 3 )  atC s])~w[l ill }:ig-
urcs 9 ali(l 10. lrl this case, a virtual anode  Ilas forrlwd
a t  ?- lf),rt,~ier N 2 ‘1’llc ])otcrltial  alorlc tllc dowrlstrcarn

axis of 11](’  tllrlls{cr  wllic}l  is })lottcd  irl l;ig.  l lc, cxllil)its

a  l)ot~rltiiil  d>,,, = d,{jO. AS tl)c  ~,J VS.O j)llasc sI)acc l)lot
SIIOWS,  SOIIIC  of I}IC l~call] I)articlm  arc accclcratcd  I)ack
t o w a r d s  tlIc })calll  exit. A s  cvidcrlt frmn  lIIC & ~)lot

and ion II(witioll  I)lot, tllc I,calll has lost its collcrclit

s t r u c t u r e .  ‘1’llc iorl currcrlt  sccrns to orif:ir~atc  fro]n  tlic

virlual a]lodc  ratllcr  Lllall  flowing  c)ut frolll (IIC tllrustcr.

or] tllc otllvr IIarld  arllt)icrlt  clcctrorls  flows towards tllc
virtllal ar,odc.  ‘1’ILc  v i r t u a l  allodc  csselltially  sllicldcd

out tllc  l)otcrltia]  of tllc Sl)acecraf(.

Sirlcc tl)c  flcnv is co] II I)lctcly 3dirlwrlsion,  tllc 1-1) tllc-

o r y  dms [lot  al)l~ly. IImvcvcr, it is still intcrcstirlg to cal-
culate (Iic 1-1) critical current density  alotlg  tllc tllrllstcr

dcnvllstrcarll  a x i s .  \Yc find tllc “iriflcction”  })oirlt is at

al~I)roxilllatcly ~ & 8, and tlI(ls  ~“i,~j x 5.5. llcricc, tl]c
]lorl]mli7rrl  1-1) critical Currcllt  de]lsity  for this cast. is

clearly, (mr crnitting  currcrlt  dcrlsity  i s  ~. > >  ~C. II).

IIowcvcrl  tllc real critical currcrlt, for a 3-1)  sitrlatior)  is
larger  tllall ~C_ 11) because 3 1) cllkcts  lllak~  it ~lJlfavor-

al)lc  for tllc virtrlal  ar]odc.

.
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l{cfwc?ncc!slarger  tllall ~C. 1~~ because 3-1)  cfl’h k l~lakc it ullfavor-
ii}~lc for tlic virtual m)odc.

‘1’lIc  r e s u l t s  f o r  tllc @$ =- - 50V cases arc silllilar  to
lllat of ti)e 4~s = - 250V c.ascs. l’ig,l 1  alsc, plc,ts tl)c
l)~~Cllt,illl IJrofilc along  tflc tl]r~,rstcr  dowilstrearn  axis for

the 4)8 = -  50\~.  A s  cvidcl]t  frolil l~ig. 111), tllc ef-

fects of 0, is l]lain]y  c m  tjllc location o f  LIIC I)otel]tial
llultl}, (Ijowcrillg  4’8 l[)ovcs t}lc potential lIUliIII a w a y

frolll tllruslcr e x i t ) .  ‘Jllis i s  in agrcclmllt with the  1-
1) rcsultsofcq(14).  IIowcvcr,  t}ie conditions for virtual

allodc  for]nation  is still controlled Ly tllc mnitting cur-
rcrlt  drvlsity.

\$~c have  devclol)cd  a 3-1) J)articlc  sillmlatioll  l]mdcl  to

study ion l)ca]n  crtlissions  in sl)acc.  Sinlulat ion r e s u l t s

arc l)rcsclltcd  for ion lwam clnissions  into a low dcllsity
sljace  ]llaslna  urldcr  v a r i o u s  clnitt, i[lg cllrrcnt. dcrlsitics
and sl)acecraft l)ot,cntials. ‘1’tlc rcsultssllow that a I)os-
itivc l~otclltial lIUIII])  o r  a  vir~ua]  allodc  Inay  forth  Ilcar

(lIC e x i t  ])oillt  o f  tl]c  bcalo. Sill]ilar  t o  tllc 1-1) space
cllargc  flow ill a diode, tile follow charact,cristics  sellsi -
tivrdy  dcI)c]Ids  on tl)c  bea!ncncrgy and currcllt  density.
llowcvcr,  for ion l)calll er)]issic)rls illsi)acc, 3-l) l)calllcli-
vcrg,cl]cc  CIUC  t o  s})acc cllargc  a]ld intjcractic)lls  hetwcml
(lie  l~earnar[]l]icltt  l)la.wlta  rnakc  tl]c  ])rcdJlcIII  II IUCII rl)orc
c.o]tl~)lcx. Wc find that tl]c ~)rol)crtics  o f  sl)acc cllargc

flow is ]IKJSI sclmitivcly  controlled tllc illtcractiolls  l)c-
twcc]) tlrc I,caln i o n s  and tllc allll)icllt  plaslna.  ‘1’11(
arnl)icnt  c.cnlditiolls  controls tl[c  locatiol]  of tllc “ill flcc-
liml” I,oint, t,llos t,flc critical currcrlt.  derwity  for virtual
arlodc  forrrratioll. “1’tlc self-acljoslrrwllt it] t}tc l,lasllra

II)akcs  tlrc conclitiolrs  for virtual allodc  forlnatioli  l e s s

favoral)lc  it) iol] bealn clnissiol~ irl sj)ace.  Ncvmtllcless,
ull]ikc tlrc s i tuat ion of  clcc. troll h(a)]] crnissiolls  wllcrc
clrargc cxc.llalrgc ions can wii~c out a  llc)l]rrlollc~tc)llic I)o

tctltial  I)rofilc  or a virtual catliodc [Iniwrior cl 01.,198S],
a  Ilolrrnonotollic  I)otclltial l)rofilc  is  a  stal)le  I)otclltial
strllcturc  fc~r iol] Ijcaln crnissio]ls,  (.~llarg,c-cxcl  lallgc  ions

gcr]cratcd  dllrillg ion tllrustcr ol,cratiotl  w i l l  CIIIICIICC  a
l)osit,ivc  l)ot,cl]tial  Irurrll) Ilcar thruster exit,.
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IJigure  (;al)tiolls

l’igure 1: lon  thruster  (UIJlm). Slmcc  cllarg,c  }Ioklb
(ial along  tllc ion tmalll (Imver).

Figure 2: Illustration of 1-1) nonlncrl]c)tollic  Imtmltial
I,rofilc,  a) I,caln flow Imtwcen  plane clrxt,rcrdcs.  h) bealn

clllissioll  to sl~acc.

l~igulc  3: SI)acecraft lImdcl sctu~).

11’igllrc 4: Quasillcutral  f l o w  o f  ion l)earn  clllissioll
frolll all ion tllrustcr. a )  ljotentia] I)rofilc.  t)) hca)n
l,articlc  ~)osi(iolls.

l~igure 5: Sl)acc  charge  f low:  ~asc A 1. a) [)otc~ltial
J,lofilc,  1)) bcaIn io]l currcllt d e n s i t y .  c )  aml)imit  clfxtro~l

cllrrcllt dc]lsity.

l~igurc 6: Sl)acc  cllargc  f l o w :  ~asc A  1. a) aInljietit
clcc(ro]i  ]~ositimls.  b )  I)ca[n  iotl }Jositions. c) }maln  ion
I]j V S.  ~ l)]Iasc s])acc,

lri,gurc 7: SJ)acc cllarg.c flow: GLsc  111. a) I)otcntiai
),rofilc,  b) I)calil  ion current dcllsity. c.) anll)icnt elect.rol)

currc)tt  dcllsity.

Ipigurc .S: Si)acc  cllargc  f l o w :  C;asc 111.  a)  amljicttt
elcctrol)  positiorls.  l)) I)carn ion ])ositions. c )  hca]n ion

7)1 V S .  2’ ])lliLW sI)acc.

l’igurc 9: Sl)acc  cllargc  f l o w :  ~asc cl. a)  lmtcntial
l,rofi]c.  l)) I)caln  iot] current dcrlsity.  c) attillicrlt clcctrolt

currcllt,  (iensity.

l’igurc 10:  S])acc cllargc  f l o w :  (Uasc ~~1. a) al)d)icllt
.

electron l)c)sltlolls. 1)) hcarn  ion positio[ls.  c )  l~caln io]l
V= vs. r IJltasc sl)acc.

]’igurc  1 1 :  I’otcIltial l)rofilc along  tllrustcr  dow’lI-
St,rcalll axis. a) c.ascs A l  arid  A2. L) cases 111 and
112. c) cases C;l a]ld  ~2.
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